Cistanche deserticola, known as Rou Cong-Rong in China, has been used as a tonic for more than 1800 years, with previous studies demonstrating that glycosides of cistanche (GCs) are a main active component. In this study, a uterotrophic assay and histological analysis were utilized to confirm the estrogenic activity of GCs, and UPLC-MS/MS-based metabolomics was used to explore the estrogeniclike mechanism of GCs in serum and urine. Seven altered differential metabolites, including citric acid, taurine, proline, betaine, ornithine, pyroglutamic acid, and a-ketoglutaric acid, were of particular interest due to being present in both serum and urine. Moreover, the differential metabolites were categorized into several major pathways, including the citrate cycle (TCA cycle), glutathione metabolism, arginine and proline metabolism, D-glutamine and D-glutamate metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis, and phenylalanine metabolism. The estrogenic-like mechanism of GCs could be concluded as closely related to the TCA cycle and glutathione metabolism due to these pathways being present in both serum and urine. Our results shed light on the estrogenic-like mechanism of GCs, which will be helpful for GC development and utilization.
Introduction
Estrogens play an important role in many developmental, physiological, and related processes, including uterus development.
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However, long-term use of estrogen can have many side effects, such as increasing the risk of breast cancer, endometrial cancer, and other gynecological tumors. 4, 5 Therefore, researchers have committed to seeking estrogen substitutes that could avoid these side-effects, known as selective estrogen receptor modulators, of which phytoestrogens comprise an important category. 6 Phytoestrogen compounds naturally occur in plants with estrogenic potency and can bind to estrogen receptors to exert their activity. Therefore, phytoestrogens could stimulate uterus growth by combining with the abundant estrogen receptors in the uterus, meaning that the uterotrophic assay could be used for preliminary screening and evaluating phytoestrogens. 7 Cistanche deserticola (CD), known as Rou Cong-Rong in China, is allegedly effective for reproduction, development, and fertility functions, and has been used as a tonic for more than 1800 years. 8, 9 Recently, pharmacology studies have demonstrated that this tonic has broad medicinal functions, such as hormone regulation, aperient, immunomodulatory, anti-oxidative, anti-apoptotic, neuroprotective, antinociceptive, anti-inammatory, anti-fatigue, and estrogenic activities. 10 Glycosides of cistanche (GCs) extracted from CD are among the main active components and exhibit various biological activities. 11 Although the active constituents of CD have been elucidated previously, 12 the estrogenic-like mechanism of GCs has never been investigated.
In this continuing study, we aimed to conrm the possible use of GCs as phytoestrogens and carry out a metabolomics analysis to explore the estrogenic-like mechanism of GCs. First, a uterotrophic assay and histological analysis were utilized to conrm the estrogenic activity of GCs. Most importantly, we focused on the metabolic changes in rat serum and urine using UPLC-MS/MS-based metabolomics analysis. Due to the deciencies of non-targeted metabolomics, such as repeatability and complicated matrix inuence, an MRM mode-based pseudo method was used to specically monitor the metabolites, and indexes (including energy metabolism, oxidative stress, lipid metabolism, and amino metabolism) related to estrogenic effects, growth, and development were selected as biomarkers for detection. Our results shed light on the estrogenic-like mechanism of GCs, which will aid the development and utilization of GCs.
Experimental
Reagents L-Leucine, L-kynurenine, L-tryptophan, 5-HTP, cholic acid, Nphenylacetylglycine, 5-HT, glutathione (GSH), and 2,4-dinitrophenylhydrazine ($99.0%, HPLC) were purchased from Dalian Melone Biology Technology Co. (Dalian, China). N-Ethylmaleimide ($98%, HPLC), L-glutathione oxidized (GSSG, $98%, HPLC), and 1,1,3,3-tetraethoxypropane (TEP) were purchased from Sigma (Madrid, Spain). L-Phenylalanine (Ring-D5, 98%, DLM-1258-5) was purchased from Cambridge isotope laboratories (MA, USA). MS-grade methanol and acetonitrile were purchased from ACS (Houston, USA). Diethylstilbestrol (purity, $99.0%), formic acid, glacial acetic acid, and hematoxylin and eosin (H&E) were purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, USA). Naringenin (purity, $98% (HPLC)) was purchased from Shanghai Jingchun Aladdin Reagent Co. (Shanghai, China). GCs were prepared in our laboratory, and their purity was determined to be 60% by ultraviolet spectrophotometry using acteoside as a marker for determination.
Preparation of GCs
Briey, cistanche powder (100 g) was soaked in 75% ethanol (1000 mL) for 1 h, then reux extracted for 2.5 h three times. The supernatant was concentrated under vacuum to obtain cistanche extract (23.3 g). The extract was diluted with water to a concentration of 0.5 g mL À1 (solubility determined with crude drug). Aer adsorption with AB-8 macroporous resin for 8 h, the column was eluted sequentially with water and 85% ethanol. The 85% ethanol eluant was concentrated to obtain ethanol extract (8.4 g). Ethanol extract (0.02 g) was accurately weighed and dissolved in 50% methanol (10 mL). A 1 mL aliquot of the solution was diluted to 100 mL with methanol in a volumetric ask. Finally, the diluted solution was measured at 330 nm by ultraviolet spectrophotometry. The ultraviolet absorption was 0.341, the linear relationship for acteoside by UV was y ¼ 24.905X + 0.0426 (R 2 ¼ 0.9982). When containing 5.04 g of GCs, the purication rate was 60% (acteoside was used as a marker for GC determination). Fingerprint evaluation of the GCs is shown in ESI Fig. S1 . †
Animal experiments and sample collection
Female SD rats of sexual immaturity (45-60 g) and sexual maturity (320-380 g) were provided by the Animal Center of Harbin Medical University, laboratory animal license, SCXK-(Army): 2013-001. The animals were housed under SPF laboratory conditions and provided with a standard laboratory diet and ltered tap water ad libitum. All animal procedures were approved by the Heilongjiang Provincial Animal Welfare and Care Guidelines, and performed according to the National Institute of Health guidelines regarding the principles of animal care (2004) . All rats used in this experiment were acclimatized to the above environment for a week. The sexually immature SD rats were randomly divided into three groups of 10 rats: blank group, diethylstilbestrol group, and GC group. Meanwhile, 10 SD rats of sexual maturity were selected as the control group. The diethylstilbestrol group was i.g administered with diethylstilbestrol (0.35 mg kg À1 , 1 mL/ 100 g), the GC group was i.g administered with the GC solution (30 g kg
À1
, 1 mL/100 g), and the blank group and control group received distilled water of the same volume twice a day (morning and evening) for 3 days. On the third day, the rats were housed in metabolic cages aer the administration was nished and urine samples were continuously collected for 24 h. The rats were anesthetized using pentobarbital and blood samples were obtained and collected from abdominal aorta and centrifuged at 3000 Â g (15 min, 4 C) to obtain serum. All samples were stored at À20 C. Furthermore, the uterus was separated, weighed, and xed using 10% formalin.
Histological analysis
Serial 5 mm-thick tissues were cut from the xed uterus. The tissue sections were then embedded in paraffin, stained with H&E using routine methods, and observed with an optical microscope (BZ-9000; Keyence, Osaka, Japan). The height of uterine epithelial cells was measured with a micrometer under the microscope.
Metabolomics
Preparation of activated charcoal stripped serum. Special blank serum was prepared from rat serum that had been stripped of endogenous materials using activated charcoal powder. Activated charcoal powder (6 g) was added to the rat serum (100 mL) and shaken for 2 h at room temperature, and centrifuged at 4 C and 13 500 rpm for 20 min. The supernatant was ltered using Millipore express PES membranes (Merck Millipore, Ltd.) attached to a 20 mL syringe in the following sequence: 5 mm, 1.2 mm, and 0.45 mm. The "stripped" serum was conrmed to be free of biomarkers by LC-MS/MS.
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Preparation of standard solutions. L-Tryptophan (Try), L-kynurenine (Kyn), GSSG, N-phenylacetylglycine (N-Phe), 5-HTP, L-leucine (Leu), 5-HT, and cholic acid (CA) stock solutions (1 mg mL À1 ) were prepared using 100% methanol. GSH was prepared at 0.5 mg mL À1 in 10 mM NEM PBS buffer and stored at À40 C in brown bottles. Calibrators were generated using combined L-tryptophan, L-kynurenine, GSSG, N-phenylacetylglycine, 5-HTP, L-leucine, 5-HT, cholic acid, and GSH-NEM that were serially diluted with distilled water. The IS stock solution of L-phenylalanine-d5 (d5-Phe) was prepared in 100% methanol, and the working solution of d5-Phe (10 ng mL À1 ) was prepared in 100% methanol and stored at À40 C.
During the analysis, a derivatization step was necessary to avoid GSH degradation, which improved the stability for detection and quantication of GSH. GSH was determined aer reaction with NEM. 15, 16 According to the previous report, 50 mM NEM was selected for GSH.
Sample preparation. For serum samples, 10 mM NEM (200 mL) was added to the sample (200 mL), followed by methanol (1000 mL containing IS Phe-d5 at 10 ng mL À1 ), and incubated for 20 min at À20 C. Aer centrifugation at 4 C and 12 000 rpm for 10 min, the supernatants (1000 mL) were transferred to 2 mL centritubes and evaporated to dryness. The dried residue was reconstituted in distilled water (100 mL) aer centrifugation for 15 min at 4 C and 13 500 rpm, and a 10 mL aliquot of the supernatant was injected for analysis. For urinary samples, 100 mL of sample was placed in a 2 mL tube, and 1 volume of PBS (m/v) containing 50 mM NEM was added to each urinary sample. Then, methanol (1000 mL containing IS at 10 ng mL À1 ) was added, and the sample was incubated at À20 C for 20 min, and then centrifuged at 12 000 rpm for 10 min at 4 C. The supernatant (1000 mL) was evaporated to dryness under a gentle stream of nitrogen at room temperature, and then the residue was dissolved in 60 mL of mobile phase and vortexed for 1 min before centrifugation at 13 500 rpm and 4 C for 15 min. A 10 mL aliquot supernatant was injected for analysis. Methodology validation. Assay validation was performed according to the "Guidance for Industry: Bioanalytical Method Validation" (Food and Drug Administration, September 2013). The calibrators were generated using a surrogate matrix for Trp, Kyn, GSH, GSSG, 5-HT, 5-HTP, N-Phe, and CA from standard working solutions in the "stripped" serum. Each concentration calibrator was duplicated. The standard curve was calculated by 1/X weighted least squares linear regression of standard curve calibrator concentrations and the peak area ratios for analyte to IS.
Precision and accuracy assay. The assay precisions of pooled QC samples and non-treated rat serum/urine QC samples were evaluated using one intra-day and three inter-day analytical runs. The QC samples with three different concentrations were generated by adding L-tryptophan, L-kynurenine, GSSG, N-phenylacetylglycine, 5-HTP, L-leucine, 5-HT, cholic acid, and GSH-NEM standard solutions to "stripped" serum/PBS, which were then processed in the same way as in vivo samples. Try, Kyn, GSSG, N-Phe, 5-HTP, 5-HT, Leu, and CA standard stock solutions (1 mg mL À1 ) were prepared in 100% methanol, except that of GSH, which was prepared at 0.5 mg mL À1 in 10 mM NEM PBS buffer. Standard curves at eight different concentrations were generated in the same way as QC samples, and analyzed by 1/X weighted least squares linear regression. For the method validation study, another QC method was performed simultaneously using pooled serum/urine (50 mL) from each sample of the control or model groups to obtain a QC specimen, and then processed as in vivo samples. A series of QC samples and standard curves were run for every 50 animal samples. Matrix effects. Matrix variation, dened as the variation in assay accuracy for different lots of matrix, was evaluated using six different plots of spiked rat serum/urine for analysis and assessing the spiked recovery.
17 Evaluation of the entire matrix effect for an endogenous compound assay is challenging. One way to test whether an assay has any (overall) matrix effect is to evaluate the spiked recovery. The spiked recovery test involves spiking the analyte into pre-extraction samples, which is different from the matrix factors (MF) test, which involves spiking analyte into post-extraction samples. 18 The MF was calculated as the peak area of the analyte in the presence of biological matrix compared to that in the absence of biological matrix. The IS-normalized MF was used: MF ¼ peak area/IS ratio in the presence of matrix vs. peak area/IS ratio in the absence of matrix. Table S1 . † Statistical analysis. All values were expressed as mean AE SD. The signicance of differences among groups was compared through one-way ANOVA test followed by Dunnett's test using the Statistical Package for Social Sciences program (SPSS 20.0, Chicago, IL, USA). The signicance threshold was set at p < 0.05 in this test.
Results and discussion

Effect of GCs on the uterus
Uterine weight and histological analysis were used to evaluate the effect of GCs on the uterus. Uterine weight was signicantly increased in the diethylstilbestrol, GC, and control groups relative to the blank group (P < 0.01). In the blank group, the endometrial epithelium was low columnar with small glands, a cubic-shaped glandular epithelium, and without interstitial inammatory cells. In the diethylstilbestrol group, the glandular epithelium and endometrium were high columnar and showed hyperplasia, with a lot of interstitial inammatory cells. In the GC group, the glandular epithelium and endometrium were high columnar serrated and showed hyperplasia with a lot of interstitial inammatory cells and intimal thickening. In the control group, the endometrium was high columnar and the glandular epithelium was low columnar, with few interstitial inammatory cells. Compared with the blank group, the height of the uterine epithelial cells was signicantly increased in the other groups (P < 0.01) (Fig. 1) .
Method validation of detected biomarker by UPLC-MS/MS
Linearity and calibration range. For each measurement, a linear calibration curve with a weighting factor of 1/X in the studied matrix was constructed. The calibration curves for analyses in serum were analyzed on different days. The calibration ranges for the analyses were distributed along seven calibration points, as shown in Table 1 .
Accuracy and precision. The method was proven to be appropriate, in terms of accuracy and precision, both inter-day and intra-day, for all studied samples. The values of these parameters were less than 5% at the set concentrations for GSH, GSSG, Leu, Trp, Kyn, 5-HTP, cholic acid, 5-HT, and N-phenylacetylglycine, with three replicates of each concentration analyzed. The data corresponding to the inter-day and intra-day values of accuracy and precision are shown in ESI of N-phenylacetylglycine into three different plots of rat urine with various baseline levels. The CVs of measured Trp and Kyn concentrations from these lots were #10% (n ¼ 5). These results indicated that different matrixes did not signicantly affect the assay. Analysis of metabolite proling by pseudo-targeted method. The pseudotargeted method was exploited to investigate the serum and urine metabolite MRM proling of four groups (blank, diethylstilbestrol, control, and GC).
Firstly, the PCA model was built to exhibit the metabolic distinction of the four groups. From multivariate analysis, there were obvious metabolic differences between the GC groups (including diethylstilbestrol and control groups) and the blank group. The QC samples clustered together tightly in the score plot of PCA, which indicated that the system stability was accommodative for this metabolomics study (Fig. 2) .
Then, the critical P-value was set to 0.05 for signicantly differential metabolites in this research. Accordingly, as shown in Table 2 , differential metabolites compared to the blank group were tentatively identied as follows: 17 in serum samples and 12 in urine samples for the GC group, 15 in serum samples and 9 in urine samples for the diethylstilbestrol group, 12 in serum samples and 11 in urine samples for the control group, and 11 in serum samples and 7 in urine samples that were simultaneously present in the GC, diethylstilbestrol, and control groups. To further understand the metabolic differences between different groups, a clustering heatmap was generated for all differential metabolites, demonstrating the relative increase (red) or decrease (green) (Fig. 3) .
Eighteen differential metabolites simultaneously present in the GC, diethylstilbestrol, and control groups were described as follows: glucose, citric acid, proline, betaine, ornithine, N-phenylacetylglycine, phenylpyruvic acid, inosine, C16:0LPC, creatinine, and xanthosine in serum, and benzene acetyl glycine, pyroglutamic acid, acetylcarnitine, and N 6 -acetyl lysine in urine were observed to be signicantly decreased (P < 0.05); while taurine, ornithine, a-ketoglutaric acid, and spermidine in urine were signicantly increased (P < 0.05). Additionally, taurine (serum) was signicantly increased, while a-ketoglutaric acid (serum), C18:0LPC (serum), and betaine (urine) were signi-cantly decreased in the diethylstilbestrol and GC groups (P < 0.05); L-kynurenine (serum) was up-regulated in the diethylstilbestrol group, but down-regulated in the GC group (P < 0.05); pyroglutamic acid (serum) and proline (urine) were downregulated, and citric acid (urine) and nicotinamide (urine) were markedly increased in control and GC group (P < 0.05); and phenylalanine was down-regulated in the GC group (P < 0.05).
In this study, the effects of GCs on the uterus of immature rats were investigated. The uterus is the most sensitive organ for assaying the ER-dependent effects of chemicals. Herba Cistanches have been reported to induce an increase in uterine weight by enhancing the lutropin-releasing function of the hypothalamic-pituitary-ovary, 20 which was also observed for GCs in this study. This indicated that GCs have estrogenic-like activity. Recently, reports have mainly focused on the predominant mechanism by which estrogenic effects are expressed through binding to the ERs, [21] [22] [23] but the metabolic mechanism has not been studied in depth. In this study, a pseudometabolomics method was used to explore the estrogenic-like mechanism of GCs.
Metabolic intermediates of a sequential series of reactions changed in a more pronounced fashion than enzymatic kinetics or individual uxes.
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Seventeen metabolites in serum, including glucose, citric acid, taurine, proline, betaine, ornithine, pyroglutamic acid, a-ketoglutaric acid, N-phenylacetylglycine, phenylpyruvic acid, inosine, C18:0LPC, C16:0LPC, creatinine, phenylalanine, L-kynurenine, and xanthosine, and 12 metabolites in urine, including benzene acetyl glycine, betaine, taurine, citric acid, ornithine, pyroglutamic acid, acetylcarnitine, N 6 -acetyl lysine, nicotinamide, a-ketoglutaric acid, spermidine, and proline, were found to be involved in the estrogenic-like mechanism of GCs. Several altered metabolites were of special interest because they were present in both serum and urine. For instance, citric acid, formed by the condensation of acetyl coenzyme A and oxaloacetic acid and playing an important role in the citric acid cycle related to energy metabolism, 25 was down-regulated in the serum of the GC group, but up-regulated in urine. Furthermore, a-ketoglutaric acid with a glutamine carbon frame, which can maintain total nitrogen balance and promote protein synthesis, and is the central material of the citric acid cycle, was down-regulated in the serum of the GC group, but up-regulated in urine. 26 The citric acid cycle is not only the nal metabolic pathway of three major nutrients (carbohydrates, lipids, and amino acids), but also the link among sugar, lipid, and amino acid metabolism, and the main way to obtain energy for the body. 27, 28 This showed that the estrogenic-like mechanism of GCs was related to energy metabolism, which is the same as diethylstilbestrol. Therefore, there was a clear link between the citric acid cycle and the increase in uterine weight in immature rats treated with GCs. As an important methyl donor, betaine plays an important role in fetus growth and development, indicating that betaine is involved in the increase in uterine weight. 29 Interestingly, taurine was up-regulated in both serum and urine, which could promote lipid digestion and absorption, and cell uptake and utilization of glucose by promoting glucose metabolism. Taurine deciency has also been reported to lead to weight loss in young animals, suggesting that taurine plays an important role in growth and development. 30 Moreover, the regulation effect of betaine and taurine by GCs followed the same trend using diethylstilbestrol, but with an enhanced effect compared with diethylstilbestrol.
Furthermore, numerous amino acids were signicantly altered. Our results suggested that GCs caused metabolic abnormalities in amino acids. Amino acid metabolism could be used for the synthesis of specic proteins, peptides, and other nitrogenous compounds, or decarboxylation by deamination, transamination, combined with ammonia decomposition, or for energy release through the citric acid cycle. 31, 32 Therefore, alterations of these compounds maybe involved in the important signaling events that trigger the increase in uterine weight.
Moreover, for a detailed pathway analysis, the differential metabolites were categorized into several major pathways including the citrate cycle (TCA cycle), glutathione metabolism, arginine and proline metabolism, D-glutamine and D-glutamate metabolism, biosynthesis of phenylalanine, tyrosine and tryptophan, phenylalanine metabolism, and other pathways using Pathway Analysis of MetaboAnalyst soware (http://www.metaboanalyst.ca), as shown in Fig. 4 . The energy metabolism-related pathway, including the TCA cycle and glutathione metabolism (both in serum and urine), was one of the main targets of estrogenic effects. The critical role of estrogenic chemicals in energy metabolism was veried by ERs regulating the genes required for mitochondrial function, TCA cycle, and more, according to previous studies. 33, 34 It could be concluded that the estrogenic-like mechanism of GCs was similar to that of diethylstilbestrol, with both related, to some extent, to the TCA cycle and glutathione metabolism, but with GCs performing better than diethylstilbestrol.
Although the possible mechanisms could not be claried in this study, some metabolites were selected that could be used to explore other estrogenic mechanisms of GCs in the uterus in the future. Therefore, to better explore the mechanism, other technology, such as proteomics, will be applied in future research. 
Conclusions
To summarize, a serum and urine pseudotargeted metabolomics method based on UPLC-QTRAP MS was established for exploring the estrogenic-like mechanisms of GCs, which provided robust and reliable results. Using the established pseudotargeted approach, a holistic view of the changes in serum and urine metabolomics of the estrogenic-like mechanism (GCs) was revealed.
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